Among the maize leaf diseases, white leaf spot, northern leaf blight, gray leaf spot, and southern rust are recognized not only by the potential for grain yield reduction but also by the widespread occurrence in the producing regions of Brazil and the world. The aim of this study was to characterize common maize lines for resistance to white leaf spot, northern leaf blight, gray leaf spot, and southern rust and suggest crosses based on the genetic diversity detected in SNP markers. The experiment was conducted in a randomized block design with three replications in order to characterize 72 maize lines. Genotypic values were predicted using the REML/BLUP procedure. These 72 lines were genotyped with SNP markers using the 650K platform (Affymetrix ® ) for the assessment of the genetic diversity. Genetic diversity was quantified using the Tocher and UPGMA methods. The existence of genetic variability for disease resistance was detected among maize lines, which made possible to classify them into three large groups (I, II, and III). The maize lines CD 49 and CD50 showed a good performance and can be considered sources of resistance to diseases. Therefore, their use as gene donors in maize breeding programs is recommended. Considering the information of genetic distance together with high heritability for leaf diseases, backcrossing of parent genotypes with different resistance levels, such as those of the lines CD49 x CD69 and CD50 x CD16, may result in new gene combinations, as they are divergent and meet good performances. Key words: Genetic resistance. Pantoea ananatis. Exserohilum turcicum. Cercospora zeae-maydis. Puccinia polysora.
Introduction
In the last two decades, an expressive increase in the frequency of maize diseases was detected, mainly leaf diseases. This increase in the incidence and severity of diseases is highly related to the changes in the maize production system, such as the expansion of the agricultural frontier, expansion of planting periods (season and off-season), adoption of no-tillage system, increased use of irrigation systems, absence of crop rotation, and use of susceptible materials. Thus, these changes in the production system resulted, on the one hand, in an increasing crop productivity, and on the other hand, they were responsible for promoting changes in the population dynamics of pathogens, resulting in the emergence of new problems inherent to the occurrence of diseases (SILVA et al., 2015) .
Among maize leaf diseases, white leaf spot (Pantoea ananatis), northern leaf blight (Exserohilum turcicum), gray leaf spot (Cercospora zeae-maydis), and southern rust (Puccinia polysora) are recognized as important both for the potential reduction of grain yield and for the generalized occurrence in the producing regions of Brazil and the world (SILVA et al., 2015) . In addition, other problems are reported, such as the inefficiency of fungicides to control the white leaf spot (JULIATTI et al., 2004) , the fact that the occurrence of the northern leaf blight predisposes the plant to pathogens that cause stem rot (COTA et al., 2010) , stem deterioration and plant lodging caused by the gray leaf spot under high severities (CASELA; FERREIRA, 2003) , and the high variability of the southern rust pathogen, which allows a fast adaptation to the resistant materials available in the market (DUDIENAS et al., 2013) .
In spite of the means of disease control and the technology available in the agricultural sector, the use of genetically resistant cultivars is the main control measure since it reduces production costs and the risks to the activity and environment through the decrease in the use of agricultural pesticides (VIEIRA et al., 2009a) . In this sense, genetic information derived from genetic characterization studies and genetic diversity of germplasm allow guiding the actions of breeding programs, especially in the identification of resistance sources and quantification of the genetic variability of the population, providing essential information to the researches for predicting superior genotypes and crosses that optimize heterosis (CRUZ et al., 2012) .
Introduction of resistance in susceptible germplasm is more efficient when based on preliminary studies of the identification of promising parents, estimation of genetic parameters, and determination of gene effects (VIEIRA, 2010) . According to studies of genetic inheritance, most leaf diseases are described as monogenic or qualitative, but some of them can be characterized as polygenic or quantitative (OGLIARI et al., 2007) .
Different studies have demonstrated the existence of genetic variability regarding resistance to white leaf spot, being the additive gene action more important than non-additive effects (GUIMARÃES et al., 2009; VIVEK et al., 2010; NIHEI; FERREIRA, 2012) . The additive gene action has also been predominant in most studies of inheritance of resistance to gray leaf spot (DERERA et al., 2008; VIEIRA et al., 2009b; BRITO et al., 2012; BALESTRE et al., 2012) and southern rust (VIVEK et al., 2010; VIEIRA et al., 2011) . However, the resistance for northern leaf blight can be controlled by the action of additive and nonadditive effects (OGLIARI et al., 2007; VIEIRA et al., 2009a) . Such information is essential to guide and maximize the exploration of genetic variability.
Genetic diversity studies are also essential tools in breeding programs in order to direct with a higher precision the crosses that allow a higher probability of obtaining superior genotypes through the formation of groups (FERNANDES et al., 2015) . Among the methods of predictive multivariate analysis, the Tocher and UPGMA methods have been featured by being extensively used in studies of genetic divergence of common maize (PAIXÃO et al., 2008; COIMBRA et al., 2010; ADEYEMO et al., 2011; FERNANDES et al., 2015) . These methods allow grouping genotypes with a higher similarity, leading to a homogeneity within each group and a heterogeneity between groups (CARGNELUTTI FILHO et al., 2008) . Therefore, the aim of this study was to characterize common maize lines for resistance to white leaf spot, northern leaf blight, gray leaf spot, and southern rust and suggest crosses based on the genetic diversity detected in SNP markers.
Material and Methods
The experiments were carried out in the experimental field and in the Laboratory of Biotechnology of COODETEC (Cooperativa Central de Pesquisa Agrícola) located in Cascavel, PR, at the geographical coordinates 24°53′8.54″ S and 53°32′4.72″ W, with an altitude of 678 m.
Characterization of lines
Seventy-two COODETEC maize lines were characterized. These lines were denominated CD01 to CD72 and were constituted of different resistance levels to the maize leaf diseases white leaf spot, northern leaf blight, gray leaf spot, and southern rust.
The experiment was carried out under field conditions using a randomized block design with three replications. Each replication was established as an agricultural season, i.e. off-season 2013, 2014, and 2015. The experimental unit consisted of four rows of five meters with 20 plants per row and interrow spacing of 0.76 m. Four rows of a hybrid highly susceptible to leaf diseases were used as a border in order to increase the incidence of diseases in the field. Crop management was carried out according to crop recommendations, except for fungicide application (EMBRAPA, 2010) .
Lines were naturally infected in the field and then assessed for leaf lesions in the grain-filling stage (R3), which was performed 32 days after flowering, according to Lopes et al. (2007) . The assessment of the severity of the studied diseases was carried out through visual estimations of the leaf area affected by the disease by means of a diagrammatic scale varying from 1 to 6, as shown in Figure 1 .
The grades of white leaf spots, northern leaf blight, gray leaf spot, and southern rust attributed to the lines were submitted to genotypic analysis by the REML/BLUP procedure (RESENDE, 2008) .
The genetic parameters were estimated using the known phenotypic value (y) for the prediction of genetic (GV) and genotypic values (GpV), which are unknown random variables (RESENDE, 2008) . The phenotypic value can be expressed by y = μ + a + d + e, where y is the temporary phenotypic value, μ is the overall mean, a is the additive effect, d is the dominance effect, e is the environment effect, μ + a is the additive genetic value, and μ + a + d = μ + g is the genotypic value. The parameters and genotypic values were obtained with the model 21 of the software SELEGEN-REML/BLUP, suitable for selecting genotypes with several replications and observations of means in a single location, according to the model y = Xr + Zg + e, where y is the vector of data, r is the vector of the replication effects (assumed as fixed) added to the general mean, g is the vector of the genotypic effects (assumed as random) and e is the vector of errors or residuals (random). Uppercase letters represent the incidence matrices for these effects (RESENDE, 2008) .
The genotypic correlation coefficient was estimated by a simple Pearson's correlation analysis from the genotypic values obtained by REML/BLUP procedure. The significance of the correlation coefficients was assessed by the t-test at 1 and 5% probability error using the statistical software Genes (CRUZ, 2013).
Analysis of genetic diversity by SNP markers
Leaf disks of the 72 maize lines were collected in the V5 stage, being duly conditioned in Eppendorf tubes and taken to the Laboratory of Biotechnology of COODETEC to perform the DNA extraction process. The genomic DNA was obtained using the Doyle and Doyle protocol (1990) . Samples were quantified and the purity was verified in a spectrophotometer (NanoDrop ® 2000 (NanoDrop ® -2000c .
Genomic DNA samples were sent to the company Affymetrix (Affymetrix Inc., Santa Clara, CA, USA), which performed genotyping with SNP markers using the 650K platform.
For the analysis of results, the calculation of the genetic distance between two populations (I and J) was estimated according to Yao et al. (2007) from the complement of the coefficient of simple coincidence.
The parameters and genotypic values were obtained with the model 21 of the software SELEGEN-REML/BLUP, suitable for selecting genotypes with several replications and observations of means in a single location, according to the model y = Xr + Zg + e, where y is the vector of data, r is the vector of the replication effects (assumed as fixed) added to the general mean, g is the vector of the genotypic effects (assumed as random) and e is the vector of errors or residuals (random). Uppercase letters represent the incidence matrices for these effects (RESENDE, 2008) .
The genotypic correlation coefficient was estimated by a simple Pearson's correlation analysis from the genotypic values obtained by REML/ BLUP procedure. The significance of the correlation coefficients was assessed by the t-test at 1 and 5% probability error using the statistical software Genes (CRUZ, 2013).
For the analysis of results, the calculation of the genetic distance between two populations (I and J) was estimated according to Yao et al. (2007) from the complement of the coefficient of simple coincidence. Based on the distances, a matrix of Dij values was constructed, which gave rise to the genetic dissimilarity matrix.
The genetic diversity between accessions was assessed using the Tocher optimization method and the unweighted pair group method with arithmetic mean or UPGMA method, as suggested by Cruz et al. (2012) . The cut-off point in the dendrogram was based on the formula Cut-off point = Mean + (Standard deviation × cut-off reference value) (CRUZ, 2008) . The statistical procedures were carried out by means of the software GENES (CRUZ, 2013).
Results and Discussion
The study of line characterization showed an accuracy relatively high, i.e. above 86% (Table  1) , with an excellent experimental precision since the accuracy measures the correlation between predicted genetic values and observed values (RESENDE, 2008) . Acur = accuracy; Ave = average; Vp = phenotypic variance; Vg = genotypic variance; Ve = residual variance; h ² g = genetic heritability in the broad sense; h²média = average heritability of lineages in the broad sense; CVg% = genotype coefficient of variation; CVe% = residual coefficient of variation.
The predicted genotypic values of lines for reaction to leaf diseases ranged from 1.33 to 5.32 (CD56 to CD69) for white leaf spot (WS), 2.18 to 5.30 (CD07 to CD33) for northern leaf blight (NB), 2.2 to 5.6 (CD49 to CD69) for gray leaf spot (GS), 1.48 to 5.71 (CD51 to CD34) for southern rust (SR) ( Table 1) . These results evidenced the existence of a high genetic variability for the studied traits among the assessed maize lines. In addition, they indicate sources of resistance that can be used to improve the tolerance to white leaf spot (CD02, 13, 15, 18, 22, 23, 28, 49, 50, 56, 57, 62, and 64 ) , northern leaf blight (CD07, 28, 30, and 41), gray leaf spot (CD49), and southern rust (CD02, 10, 11, 12, 15, 19, 21, 26, 28, 31, 40, 41, 43, 46, 49, 50, 51, 58, and 59) . Considering the good performance of the lines CD49 and CD50 as sources of resistance, their use as gene donors is suggested in maize breeding programs.
The averages of genotypic values for resistance to the diseases WS, NB, GS, and SR were 3.02, 3.25, 4.14, and 3.24, respectively (Table 1) . The genetic constitution of these lines favored the highest contribution to the expression of resistance to leaf diseases, in which WS, GS, and SR presented genotypic variances of 1.28, 0.88, 1.63, respectively, since the environment had a low influence, with values of residual variance of 0.76, 0.50, and 0.58, respectively. For the expression of resistance to northern leaf blight, the genetic constitution had the same contribution as the environmental one (Vg = 0.8 and Ve = 0.8). The high influence of environmental changes on the characteristic of interest can be an aggravating factor in the assessment of lines since it makes it difficult to identify the genotypes when it is based only on the observed phenotype (BESPALHOK et al., 2007) .
Heritability is based on the proportion of phenotypic variance under genetic control by estimating the ratio between genetic variation and total variance (BORÉM; MIRANDA, 2013). The average heritability of lines in the broad sense observed for the reaction to the four-leaf diseases was high, i.e. above 75% (Table 1) , showing the possibility of obtaining superior genotypes through simple breeding strategies, for instance, the backcrossing (CRUZ et al., 2012) .
There is variability between lines since, among the 616,201 assessed SNP markers, 418,287 markers were polymorphic and with a high resolution. In addition, the highest genetic distance recorded was 0.3186 (CD01 x CD17) and the shortest distance was 0.0015 (CD18 x CD56), with a mean distance of 0.11771. These values of distance between lines were similar and considered of a low magnitude by Aguiar et al. (2008) , Adeyemo et al. (2011), and Fernandes et al. (2015) because the number of markers were relatively low (99, 75, and 44, respectively) when compared to the performed study (418,287 markers).
The genetic variability found among lines made the assessment of the genetic divergence by means of molecular markers an essential tool since it suggested possible crosses by group formation (FERNANDES et al., 2015) . The Tocher grouping method allowed the combination of lines into three large groups with their respective subgroups (Figure 2 ). Group I was composed of most of the maize lines, covering 91.6% of the assessed lines. In relation to the subgroups, subgroup I presented 77% of the 72 lines, followed by subgroups II, III, IV, IX, and X, which consisted of two lines each. On the other hand, the subgroups V, VI, VII, VIII, XI, and XII were represented in an isolated way, respectively, by CD51, CD46, CD69, CD27, CD34, and CD17.
For cluster analysis by the UPGMA hierarchical method, the arbitrary cut-off level was established in the relative size of the merger (distances) levels in the dendrogram, being defined the cut-off point in the distance of 0.30. Therefore, as in the Tocher grouping, the UPGMA cluster analysis, which was obtained based on the genetic dissimilarity matrix, showed the division of lines into three large groups (Figure 2) . distance of 0.30. Therefore, as in the Tocher grouping, the UPGMA cluster analysis, which was obtained based on the genetic dissimilarity matrix, showed the division of lines into three large groups (Figure 2) . Among the methods of predictive multivariate analysis, the Tocher and UPGMA methods has stood out since they are extensively used in studies of genetic divergence combined with the productive potential of common maize (PAIXÃO et al., 2008; COIMBRA et al., 2010; ADEYEMO et al., 2011;  Among the methods of predictive multivariate analysis, the Tocher and UPGMA methods has stood out since they are extensively used in studies of genetic divergence combined with the productive potential of common maize (PAIXÃO et al., 2008; COIMBRA et al., 2010; ADEYEMO et al., 2011; FERNANDES et al., 2015) . In addition, these methods allow grouping genotypes with a higher similarity in order to reach a consistency within each group and heterogeneity between groups (CARGNELUTTI FILHO et al., 2008) . Thus, they provide essential information for choosing parents, allowing a higher probability of success in later crossings (ROTILI et al., 2012) .
The fact that both diversity analyses have presented the highest concentration of lines in group I is entirely related to the used genotypes, which are the main elite lines of the company's breeding program and may not necessarily be covering all the genetic variability of the heterotic groups since there are genotypes with a higher genetic diversity when compared to those studied, but they do not present a good agronomic performance. Thus, there is, in fact, a high genetic diversity among the studied lines, but there is an imbalance in the distribution between groups because some lines participate in many crosses with genotypes of other groups, resulting in the generation of commercial hybrids.
Combining the genetic distance information with the high heritability found for leaf diseases, it is recommended crossing parent materials with different resistance levels, i.e. materials from the same group (Group I, Figure 2 ) by using the backcrossing method. In this sense, possible backcrosses can be suggested, such as those of the lines CD49 (GD) x CD69 (GR) and CD50 (GD)
x CD16 (GR) in order to raise resistance to the studied pathogens and recover as soon as possible the genome of the recurrent parent.
In order to facilitate the selection of promising genotypes, the estimation of genotypic correlation coefficients between traits of interest is used since it involves an association of heritable nature (CRUZ et al., 2012) . In this study, a highly significant (p<0.01) and positive genotypic correlation of 0.38 was observed for the simultaneous selection of resistant genotypes for WS x NB and 0.33 for NB x SR (Table 2 ). In addition, a significant (p<0.05) and positive genotypic correlation of 0.24 was observed for NB x GS. Similarly, Arnhold et al. (2008) studied the selection for resistance to leaf diseases in S1 families of popcorn maize and verified genotypic correlations for the white leaf spot x common rust of 0.24, northern leaf blight x common rust of 0.35, and white leaf spot x northern leaf blight of −0.59. The results show the perspectives of future studies with the exploration of genetic variability among the assessed elite lines aiming at obtaining simple hybrids with a higher resistance to the main maize leaf diseases or even the formation of future populations for the development of new lines.
Conclusion
There is a genetic variability among maize lines and it is possible to classify them into three large groups, allowing their crossing to obtain resistant lines.
Considering the good performance of the lines CD49 and CD50 as sources of resistance to the studied diseases, their use as gene donors in maize breeding programs is recommended.
Considering the information of genetic distance together with high heritability for leaf diseases, backcrossing of parent genotypes with different resistance levels, such as those of the lines CD49 x CD69 and CD50 x CD16, may result in new gene combinations, as they are divergent and meet good performances.
